Introduction {#s1}
============

Breast cancer is estimated to afflict more than 200,000 women in 2010 in the Unites States (SEER Cancer Statistics, National Cancer Institute). Breast cancer metastasizes to the lymph nodes, bone, lung, liver, and finally the brain. Some therapies are highly effective in removing and preventing recurrence of primary tumors; however, metastasis, often untreatable, is the primary cause of mortality. Myeloid derived suppressor cells (MDSCs) are a subset of heterogeneous, bone marrow derived, hematopoietic cells that home specifically to the tumors and contribute indirectly to angiogenesis, growth and metastasis. These tumor infiltrating cells foster proliferation, survival, and metastasis [@pone.0022446-Coussens1]. These cells expand in the hematopoietic organs, specifically the spleen, in response to tumor burden and malignancy [@pone.0022446-Greten1], [@pone.0022446-Ribechini1], [@pone.0022446-Youn1]. Murine MDSCs are characterized by expression of Gr1 and CD11b cell surface markers. These cells are found in the peripheral blood of cancer patients and are positively correlated to malignancy [@pone.0022446-Almand1], [@pone.0022446-DiazMontero1], which suggests MDSCS have a role in tumor invasion and metastasis. MDSCs infiltrate into tumors and accumulate at the invasive front where they promote tumor angiogenesis through regulation of VEGF bioavailability as well as tumor cell invasion and metastasis via regulation of protease activity [@pone.0022446-Yang1]. MDSCs also confer resistance to cancer therapies [@pone.0022446-Shojaei1], [@pone.0022446-Finke1]. Hence, MDSCs are a viable target for therapeutic intervention.

Although the importance of MDSCs in tumor progression and metastasis is quite evident, the molecular mechanisms by which MDSCs achieve this feat are still unclear. Mass spectrometry based proteomics is an increasingly valuable tool in discovery of novel mediators, or "biomarkers", of disease. MDSC gene expression varies in different tumor microenvironments [@pone.0022446-Joyce1]. However, the spleen-derived population may demonstrate signatures in response to primary tumors with high degree of malignancy and metastatic potential. Label-free proteomics, spectral counting, and protein network analysis are increasingly valuable tools for identifying protein or pathways that are specific to a pathological state [@pone.0022446-Saydam1], [@pone.0022446-Neilson1]. Protein quantitation measured by peptide spectral counts and protein network assembly are widely accepted approaches in biomarker discovery and disease characterization [@pone.0022446-Oti1], [@pone.0022446-Albrethsen1]. We used a simple, but robust, approach to determine potential biomarkers of MDSC proteins relevant to tumor metastasis. This model includes two distinct tumor cell lines, 67NR and 4T1, which are derived from a single mammary tumor. While these cell lines form primary tumors with equivalent growth kinetics, they differ dramatically in their metastatic potential. 4T1 cells are highly metastatic while 67NR cells are not [@pone.0022446-Aslakson1], [@pone.0022446-Yang2].

The role of MDSCs induced by tumors with varying metastatic potential might constitute a critical mechanism by which MDSCs help tumors become even more malignant. MDSCs are largely understood from an immuno-modulatory perspective since they are immunosuppressive [@pone.0022446-Gabrilovich1]. However, they may also facilitate tumor progression and metastasis by other means. All malignant and metastatic tumors elicit an immune response and have infiltrating immune cells; thus, rigorous analysis of the MDSC proteome in response to tumors with differential metastatic potential can provide targets of great clinical utility. Determination of an array of potential MDSC biomarkers is a unique challenge. The present study has sought to initiate defining the MDSCs proteome in response to tumors with varying degrees of metastatic potential.

Results {#s2}
=======

Characterization of the MDSC proteome {#s2a}
-------------------------------------

To define the MDSC proteome, we used shotgun proteomics to detect proteins that were differentially expressed in MDSCs isolated from hosts bearing non-metastatic or metastatic primary mammary tumors. 67NR and 4T1 cells, derived from the same parental mammary adenocarcinoma, differ greatly in metastatic potential although the primary tumor growth kinetics are very similar. 4T1, not 67NR, cells metastasize to lung and lymph nodes. After mammary fat-pad implantation of female Balb/c mice aged 6--7 weeks, tumor volume was monitored for 25 days. As expected, the average tumor volume was very similar by 2-way ANOVA over time and the maximum average volume reached 3942+/−645.8 (SEM) mm^3^ in the 67NR cohort and 3383+/−778.2 (SEM) mm^3^ in the 4T1 cohort ([Figure 1A](#pone-0022446-g001){ref-type="fig"}).

![Growth kinetics of mammary tumors and proteomics experimental design.\
(A) Growth kinetics of mammary tumors. 500, 000 67NR or 4T1 cells were injected into the mammary fat-pad of female Balb/c AnHsd mice. The tumor volume between groups is non-significant by 2-way ANOVA. (B) Workflow outlining the semi-quantitative proteomic analysis of purified spleen MDSCs from matched non-metastatic and metastatic tumor bearing mice.](pone.0022446.g001){#pone-0022446-g001}

Spleen MDSCs were isolated and pooled from 6--7 mice per group then purified by magnetic cell sorting using antibodies against Gr-1 and CD11b. The two normalized MDSC populations were prepared for analysis by mass spectrometry and spectral counting as outlined in the following schema. Cells were lysed in urea/chaps buffer; proteins were precipitated with TCA, then cleaved with trypsin. Peptides were separated by strong cation exchange (SCX) directly coupled to reversed phase liquid chromatography (RP-LC) prior to direct nano-spray mass spectrometry. The resulting peptides were searched against the Uniprot database using Myrimatch and the peptides were assembled into protein groups with IDPicker. Protein groups were minimized to contain one protein each and the resulting list was then analyzed with Webgestalt and Pathway Studio ([Figure 1B](#pone-0022446-g001){ref-type="fig"}).

Henceforth, spleen MDSCs isolated from mice with 67NR non-metastatic or 4T1 metastatic primary tumors are identified as either 67NR- or 4T1-MDSCs, respectfully. We identified a total of 2825 proteins inclusive of 11 reverse database entries from the decoy reverse database. The false discovery rate was only 0.78%, indicating that this dataset had 99.6% (95% CI: 99.3%. 99.8%) confidence in protein identifications ([Table S1](#pone.0022446.s001){ref-type="supplementary-material"}). Ontological analysis of all proteins indicated that, 34%, the majority, were cytoplasmic, and 26% were nuclear. Nine percent of the protein population was derived from the plasma membrane and mitochondria each; whereas only 6% were derived from the endoplasmic reticulum and 5% from the Golgi apparatus. Eleven percent of the proteins sorted into other ontological groups ([Figure 2A](#pone-0022446-g002){ref-type="fig"}). After manual removal of reverse database entries, we identified 2814 proteins: 43 were unique to the 67NR-MDSCs, 153 were unique to the 4T1-MDSCs, and 2618 were detected in both groups. The number of proteins identified from the decoy database within each MDSC group is indicated by parentheses ( ) ([Figure 2B](#pone-0022446-g002){ref-type="fig"}).

![Sub-cellular distribution and quantification of the MDSC proteome in response to tumor metastatic potential.\
Duplicate SCX-LC-MS/MS injections of MDSCs isolated from 4T1 or 67NR tumor bearing mice were performed. (A) Each of the 2825 protein groups identified and parsed by IDPicker were analyzed using Pathway Studio and sorted by ontological group. The pie chart indicates the percentage of proteins that fall into each ontological group. (B) Union diagram of protein groups. Proteins that were shared among both groups or found exclusively in either group are indicated. The numbers of proteins found exclusively in the 67NR group (left), in both groups (middle), and exclusively in the 4T1 group (right) are indicated. The number of proteins identified from the decoy database are indicated ( ) in each MDSC group. (C) Scatter plot distribution of co-expressed MDSC proteins. The fold change is calculated as the log~2~ of spectral counts identified in MDSCs from mice with metastatic 4T1 tumors compared to those bearing non-metastatic 67NR tumors (Y-axis) compared to the total number of spectra per protein (X-axis). The average fold change 0.128 is indicated by an asterisk (\*). Log~2~ fold change spectral counts that are one standard deviation from the mean are indicated by dashed lines (-·-·-) and are considered significant. Confirmation of equal loading during LC-MS/MS is indicated. The total spectral count per group, 67NR or 4T1, is indicated (inset). The coefficient of variance between the 67NR and 4T1 MDSC groups is 1.25%.](pone.0022446.g002){#pone-0022446-g002}

Among the proteins shared in both 67NR and 4T1-MDSCs, the total number of spectra per protein ranges from 2, the least abundant, to 1354, the most abundant ([Table S2](#pone.0022446.s002){ref-type="supplementary-material"}). The fold change compared to abundance based on spectral counts is shown. Log~2~ transformation of spectral counts in 4T1-MDSCs compared to 67NR-MDSCs is indicated (Y-axis) and compared to the log~2~ transformation of total spectra per protein (X-axis, [Figure 2C](#pone-0022446-g002){ref-type="fig"}). The average fold change of 0.128+/−0.997 (SD) is indicated as an asterisk (\*) and dashed lines (-·-·-). The range in fold change varied from −3.00 to 5.04. Therefore, all fold-change values less than −0.869 and greater than 1.125 were considered significant. Of these shared proteins, 731 or ∼26% of the proteome, exhibited a large change in abundance in the 4T1 metastatic compared to 67NR non-metastatic controls. 364 proteins were increased and 367 were decreased in 4T1-MDSCs compared to 67NR-MDSCs. To confirm the validity that protein the fold change measurements were based the metastatic potential of the primary tumor, but not sample preparation or loading; the total number of spectra from each group, 4T1 or 67NR MDSCs, was compared. 67NR-MDSCs had a total of 35,637 spectra and 4T1-MDSCs had 35,009 spectra, which indicate a coefficient of variance of only 1.26% between groups ([Figure 2C](#pone-0022446-g002){ref-type="fig"}, inset). The total spectral count per group is inclusive of proteins shared and unique to 67NR and to 4T1-MDSCs after removal of reverse entries.

MDSCs specifically regulate different biological processes and pathways in response to metastasis {#s2b}
-------------------------------------------------------------------------------------------------

Next, we characterized the over-represented biological processes and pathways unique to each MDSC cohort. Prior to analysis, co-expressed proteins were limited to those with 25--300 total spectra in order to exclude proteins with relatively low or excessively high abundance. Of note, proteins with very high abundance had fold change values within the standard deviation of the mean and were considered unchanged ([Figure 2C](#pone-0022446-g002){ref-type="fig"}). All proteins that were exclusive to either the 67NR or 4T1 MDSCs were retained for further analysis, regardless of total spectral count. Proteins were then analyzed as 4 distinct groups: (1) exclusive to 67NR-MSDCs, (2) decreased or (3) increased in 4T1 versus 67NR-MDSCs, or (4) exclusive to 4T1-MDSCs were analyzed against the mouse genome using Webgestalt. The "ratio of enrichment" (X-axis), of each protein to biological category assignment is indicated (Y-axis) is plotted for each analytical group ([Figure 3](#pone-0022446-g003){ref-type="fig"}). This analysis sorts and assigns each protein to categories within either biological processes or KEGG pathways and identifies the "ratio of enrichment" of each protein-category. In Webgestalt, the "ratio of enrichment" is defined as the number of proteins detected in the sample compared to the total number of proteins expected in the mouse genome in each biological process or KEGG pathway. Thus, data are internally normalized to the expected protein assignments of the reference gene set, e.g. the mouse genome.

![Unbiased determination of biological processes involved in MDSC response to tumor metastatic potential.\
Unbiased approach was used to define the most over-represented biological groups and pathways as indicated by Webgestalt. The number of proteins in each group or pathway is displayed as the "Ratio of Enrichment" (X-axis). Webgestalt generated categories (Y-axis) and the number of proteins in each pathway is displayed as the "Ratio of Enrichment" (X-axis). Categories listed on the X-axis that are most prominent values are considered the most pertinent. The protein groups used to determine enriched biological processes in each metastatic group are displayed (A) 67NR only, (B) decreased in 4T1 compared to 67NR, (C) increased in 4T1 compared to 67NR, and (D) 4T1 only.](pone.0022446.g003){#pone-0022446-g003}

MDSCs from 67NR and 4T1 tumor-bearing animals express proteins that represent quite different lists of biological processes ([Figure 3](#pone-0022446-g003){ref-type="fig"}). 67NR-MDSC proteins were primarily involved in basic cellular functions, such as M-phase cell cycle, mitosis, nuclear division, and cell cycle regulation. Interestingly, cell proliferation was negatively regulated in the 67NR group ([Figure 3A](#pone-0022446-g003){ref-type="fig"}). Proteins that were decreased in 4T1-MDSCs; or conversely, over-expressed in 67NR-MDSCs; were dedicated to processes involved in biosynthesis of carbon sources (alkenes), as well as fatty acids and their products, such as icosanoids and leukotrienes. Leukotriene and alkene metabolism were by far the most abundant categories ([Figure 3B](#pone-0022446-g003){ref-type="fig"}). In contrast, the most over-represented processes increased in 4T1-MDSCs compared to 67NR-MDSCs, were involved in cellular respiration and the TCA cycle ([Figure 3C](#pone-0022446-g003){ref-type="fig"}). Proteins unique to 4T1-MDSCs had, by far, the widest array of biological processes. In addition to metabolism and biosynthesis, this group is specifically characterized by helicase activity, receptor mediated endocystosis, and multicellular/musculoskeletal movement. Most surprisingly, 4T1-MSDCs selectively expressed proteins largely involved in glutathione biosynthesis and γ-glutamyl transferase activity ([Figure 3D](#pone-0022446-g003){ref-type="fig"}). Although there is some overlap in biological process assignments (e.g. fatty acid or icosanoid metabolism) identified from proteins decreased in or uniquely expressed in 4T1-MDSCs, the groups overwhelmingly show distinct patterns of biological processes that are unique to the presence of non-metastatic 67NR or to metastatic 4T1 tumors. In each of the four comparisons, the biological processes with the largest ratio of enrichment values are quite divergent.

As with discovery of biological processes, assignments of MDSC proteins to KEGG pathways indicate unique events based presence of non-metastatic or metastatic tumors. MDSC proteins exclusively identified in hosts with non-metastatic 67NR tumors show regulation of ubiqutin mediated proteolysis and smaller, but unique, ratio of enrichment values involved in MAPK signaling and pathways related to cancer ([Figure 4A](#pone-0022446-g004){ref-type="fig"}). Proteins decreased in 4T1-MDSCs compared to 67NR-MDSCs are involved in leukocyte trans-endothelial migration, chemokine signaling, and cytoskeletal regulation ([Figure 4B](#pone-0022446-g004){ref-type="fig"}). These pathways are often indicators of cell survival and maintenance. The most prolific KEGG pathways detected in MDSC proteins from animals with 4T1 tumors compared to the 67NR tumors indicated enrichment of proteins largely dedicated to cellular metabolism ([Figure 4C](#pone-0022446-g004){ref-type="fig"}). Proteins involved in the TCA cycle and glyoxylate/dicarboxylate metabolism were by far the most represented. Metabolism of amino acids tryptophan and lysine, listed as lysine degradation, are also prominent categories. Similar to biological processes ([Figure 3A--D](#pone-0022446-g003){ref-type="fig"}), the proteins uniquely identified in MDSCs in the presence of 4T1 mammary tumors sorted to a much more diverse and numerous KEGG pathways ([Figure 4D](#pone-0022446-g004){ref-type="fig"}). Similar to proteins increased in 4T1-MDSCs compared to 67NR-MDSCs, the most prominent categories in 4T1 specific MDSCs involve amino acid metabolism. Cyano-amino acid, taurine and hypotaurine, as well as seleno-amino acids have the highest ratio of enrichment values. In addition, arginine and proline metabolism are uniquely present, albeit at lower enrichment values. Surprisingly, glutathione and arachidonic acid metabolism are specifically identified in this group, similar to biological processes ([Figure 3](#pone-0022446-g003){ref-type="fig"}). In addition, soluble NSF attachment protein receptor (SNARE) interactions in vesicular transport; extracellular matrix (ECM)-receptor interactions were also exclusively identified in this metastatic 4T1 cohort ([Figure 4D](#pone-0022446-g004){ref-type="fig"}).

![Unbiased determination of protein pathways involved in MDSC response to tumor metastatic potential.\
Unbiased approach was used to define the most over-represented KEGG pathways as indicated by Webgestalt. Webgestalt generated categories (X-axis) and the number of proteins in each pathway is displayed as the "Ratio of Enrichment" (Y-axis). The most prominent values are considered the most pertinent. The protein groups used to determine enriched biological processes in each metastatic group are displayed (A) 67NR only, (B) decreased in 4T1 compared to 67NR, (C) increased in 4T1 compared to 67NR, and (D) 4T1 only.](pone.0022446.g004){#pone-0022446-g004}

Differential MDSC protein-protein interactions in response to non-metastatic or metastatic mammary tumors {#s2c}
---------------------------------------------------------------------------------------------------------

Like dominant biological processes or protein pathways, direct interactions between proteins can provide insight of valuable potential biomarkers of disease or specific pathological states. Understanding direct interactions can also provide evidence of critical biomarkers of the MDSC proteome in response to metastatic tumors. In this study, direct interactions were defined by Pathway Studio in two groups of proteins derived from spectral counting. The first analysis illustrates proteins with differential spectral counts that were increased (pink--red) and decreased (light--dark blue) in 4T1-MDSCs compared to 67NR-MDSCs ([Figure 5A](#pone-0022446-g005){ref-type="fig"}). The second group illustrates direct interactions between proteins specifically detected in 4T1-MDSCs ([Figure 5B](#pone-0022446-g005){ref-type="fig"}). The absolute spectral count and fold change value of each protein is listed ([Table S2](#pone.0022446.s002){ref-type="supplementary-material"} and [Table S3](#pone.0022446.s003){ref-type="supplementary-material"}). All entries are based on references derived from Pathway Studio.

![Pathway analysis of the MDSC proteome in response to non-metastatic or metastatic tumors.\
Candidate proteins were uploaded into the Pathway Studio program after manually filtering for protein groups with 25--300 total spectra as described. Proteins in each group were analyzed for direct interactions and localization as determined by Pathway Studio. Binding partners (solid purple line), activating proteins (grey-blue line and arrowhead), inhibitory proteins (grey line and bar) are shown. Proposed interactions are indicated by dashed lines (-·-·-) and evidence-based interactions are indicated with solid lines (---). The plasma membrane and the organelles are illustrated to indicate protein localization. (A) Differentially abundant proteins in 67NR and in 4T1-MDSCs. Proteins increased (purple to red) or decreased (blue to purple) in 4T1-MDSCs compared to 67NR-MDSCs. (B) Proteins exclusively detected in 4T1-MDSCs.](pone.0022446.g005){#pone-0022446-g005}

First, proteins that had differentially abundant spectral counts in 67NR and 4T1 groups were analyzed ([Figure 5A](#pone-0022446-g005){ref-type="fig"}). Neutrophil elastase (ELA2) is decreased by 1.09 fold and thrombospondin 1 (TSP1) is increased by 2.13 fold in 4T1-MDSCs. TSP1 is a negative regulator of human neutrophil elastase. This study also indicates that thrombospondin is a positive regulator of cathepsin B, detected to have a 1.62 fold increase in the 4T1-MDSCs. A known inhibitor of cathepsin B, cystatin A (identified as stefin A-like protein), is also increased by 2.53 fold. However, β-actin, a cathepsin B binding partner, is decreased by 0.93 fold in 4T1-MDSCs. Lysosyme (LYZ), a positive regulator of both cathepsin B and of ELA2, is decreased by 1.57 fold in the presence of highly metastatic 4T1 conditions. LYZ was also defined as a binding partner of annexin A5 (ANXA5) which in turn binds DNA (cytosine-5-methyltransferase 1 (DNMT1). LYZ is decreased, but the downstream proteins ANXA5 and DNMT1 are increased by 1.32 and 1.15, respectfully. DNMT1 is nuclear, but reported to co-localize with annexin V. Lipocalin 2 (LCN2) is decreased by 1.29 fold and is also negatively associated with THBS1, which is increased by 2.13 fold and identified as a binding partner of ELA2.

Ras homolog gene family, member B (RHOB) and its negative regulator, Rho GDP dissociation inhibitor (GDI) beta (ARHGDIB), and are both suppressed in 4T1-MDSCs. Our data indicated that RHOB and ARHGDIB are decreased by 0.93 and 1.06 fold, respectfully. Tyrosine kinase 2β (PTK2B) is largely decreased; a negative 0.92 fold change was detected. In contrast, ATPase, Ca++ transporting, cardiac muscle, slow twitch 2 (ATP2A2) is increased by 1.13 fold. This result was fitting since PTK2B gene expression is inversely correlated to that of ATP2A2 based on pathway analysis. The gene encoded by this ATPase, sarcoendoplasmic reticulum calcium transport ATPase (SERCA2), is inversely correlated to PTK2B expression. Thus, our finding that PTK2 is decreased and ATPase/SERCA2 is increased is in accordance with other reports defined by this protein network.

Metastasis specific protein interactions in MDSCs {#s2d}
-------------------------------------------------

To further interpret the MDSC proteome in response to metastatic tumors, proteins uniquely identified in MDSCs from mice with 4T1 metastatic mammary tumors were analyzed using Pathway Studio ([Figure 5B](#pone-0022446-g005){ref-type="fig"}). Direct interactions revealed dominance of proteins primarily involved in lipid metabolism and platelet cell aggregation. In addition, neutrophil chemo-attractant proteins like colony stimulating factor receptor 1 (CSFR1) and pro-platelet basic protein (PPBP), as well as arginase I (ARGI) were specifically detected in MDSCs from mice with metastatic 4T1 tumors ([Figure 5B](#pone-0022446-g005){ref-type="fig"}). Glycoprotein V (GP1BA), Von Willibrand Factor (vWF), and platelet factor 4 (PF4) are also specifically found in this cohort. Herein, GP5 was positively correlated to GP1BA, then VWF. Both were upstream of disabled homolog 2 (DAB2), a mitogen-responsive phosphoprotein. In this case, DAB2 is reported to partially co-localize with Platelet Factor (PF) 4. Colony stimulating factor receptor (CSF1R) was positively correlated to aminopeptidase N (ANPEP) which, in turn, was positively correlated with RAS p21 protein activator 1 (GTPase activating protein).

Huntington interacting protein (HIP) and clatherin (CTLA) are binding partners and were specifically detected in 4T1-MDSCs. This observation was in accordance with the biological processes defined in the same sample and identified as the Huntington pathway ([Figure 4](#pone-0022446-g004){ref-type="fig"}). The interaction between HIP and CTLA is reported to facilitate clatherin assembly. Proteins involved in vesicular transport and/or endocytosis are specifically up-regulated in MDSCs derived from 4T1 metastatic tumor bearing mice. Interestingly, these proteins were assigned to the Golgi apparatus.

Notably, proteins previously described in these cells or those with similar lineage are also detectable in this study. Major histocompatibility complex B and C paralogues, HLA-B and HLA-C, were specifically detected and increased in 4T1-MDSCs. The nuclear protein, Cut 1 homeobox protein (CUX1), was shown to be negatively correlated to HLA. Both CUX1 and HLA-B are present in 4T1-MDSCs, but the CUX1 had 4 spectral counts and HLA-B (identified as H-2 class I histocompatibility antigen) had 13 spectral counts, respectfully ([Table S2](#pone.0022446.s002){ref-type="supplementary-material"} and [Table S3](#pone.0022446.s003){ref-type="supplementary-material"}).

Proteins specifically identified in MSDCs from animals with 4T1 tumors, compared to those concurrently identified in mice with 67NR tumors, show very unique direct interaction pathways. Surprisingly, cAMP responsive element binding protein 1 (CAMP), had the highest degree of direct connectivity among all proteins in this study. This transcription factor was not detectable in MDSCs from the non-metastatic 67NR tumor cohort. Apolipoprotein E (APOE) and arachidonate 15-lipoxygenase (ALOX15) were identified as positive regulators of CREB. ApoE mediates the binding, internalization, and catabolism of lipoprotein particles. ALOX15 converts arachidonic and linoleic acid to metabolites, a process that occurs during leukotriene biosynthesis, which was also indicated by biological processes identified in MDSCs from this 4T1 metastatic tumor group ([Figure 4D](#pone-0022446-g004){ref-type="fig"}). Transglutaminase (TGM2) positively associated with CREB expression, normally functions to catalyze the cross-linking of proteins.

Many proteins were regulated by CREB in 4T1-MDSCs. Vesicle-associated membrane protein 2 (VAMP2); arginase I (ARGI), HLA-B, and CD2-associated protein (CD2AP), and nucleolar and coiled-body phosphoprotein 1 (NOCL1) are all downstream of CREB. Similar to HIP and CTLA, VAMP2 mediates vesicle docking and fusion. ARGI is well studied in MDSCs and catalyzes the hydrolysis of arginine to ornithine and urea. These data indicate a positive correlation between a ubiquitous transcription factor and vesicular Golgi transport, the urea cycle, actin cystoskeletal scaffolding, as well as antigen presentation and T-cell contact.

Discussion {#s3}
==========

Spleenic MDSC expansion is a key characteristic and facilitator of tumor burden and metastasis. Within the immune cell population, Gr1+/CD11b+ MDSCs, are particularly vexing. The number of bone marrow and spleen MDSCs increase proportionally to metastatic potential of the primary tumor and contain two subpopulations with anti-immune effects [@pone.0022446-Yang3], [@pone.0022446-Movahedi1]. MDSC levels positively correlate with tumor malignancy [@pone.0022446-Almand1], [@pone.0022446-DiazMontero1] and confer resistance to cancer therapies [@pone.0022446-Shojaei2]. Understanding how MDSCs contribute to these processes is invaluable. Here, we characterized the MDSC proteome in response to a "metastatic gradient" in a mouse model of metastatic breast cancer. Duplicate MudPIT, spectral counting, and protein network analysis indicated that spleen MDSCs overwhelmingly express proteins involved in glutathione and γ-glutamyl transferase activity, in amino acid and lipid metabolism, and in angiogenic or platelet signaling in response to metastatic, but not non-metastatic, mammary tumors. These results have detected clear differences in over-represented biological processes, protein pathways, and protein-protein interactions under metastatic conditions.

Differential expression of amino acid/lipid metabolism, nutrient depletion, and drug resistance associated pathways in malignant MDSCs {#s3a}
--------------------------------------------------------------------------------------------------------------------------------------

Based on the proteomic profiling, proteins in MDSC associated with malignant 4T1 tumors were primarily involved in glutathione and γ-glutamyl transferase activity, amino acid and lipid metabolism, and angiogenic or platelet signaling. Glutathione transferases, GGT1 and GGT5 are detected in 4T1-, but not in 67NR-MDSCs. GGT inhibition leads to differentiation [@pone.0022446-Bauvois1]; therefore, activating the enzyme is expected to inhibit cell differentiation. MDSCs are considered immature myeloid cells -- a lack of differentiation is a key feature of these cells. Since MDSCs are a heterogeneous population, it would be interesting to see whether malignant tumor cells affect MDSC differentiation differently from non-malignant tumors. In addition, GGT5 is a leukotrienase that hydrolyze GSH; and GSH was also only detectable in 4T1-MDSCs. Studies have shown that metastasis is directly proportional to GGT activity and GSH hydrolysis in B16 liver metastasis [@pone.0022446-Obrador1] and that GGT is also increased in patients with breast cancer [@pone.0022446-Seth1]. Transglutaminase (TGM) is another protein elevated in 4T1-MDSCs identified in this study. TGM2 is associated with metastatic breast cancers and multi drug resistant tumors [@pone.0022446-Mehta1], [@pone.0022446-Verma1]. TGM expression correlated with poor survival in colon cancer patients wherein it may be a prognostic or predictive factor [@pone.0022446-Miyoshi1]. Although published studies were conducted with tumor cells, we find it uncanny that the same relationship between these proteins was detected solely in MDSCs from the metastatic, not the non-metastatic, cohort. Thus, our findings reveal the existence of potential mediators in MDSCs responsible for metastasis.

ApoE, another protein specifically identified in 4T1-MDSCs, has been associated with depth of tumor invasion, degree of lymph node metastasis, and with clinical stage. It is also increased in tumors compared to normal tissues [@pone.0022446-Chen1]. In contrast, ALOX proteins in the 4T1 cohort are reduced compared to cells from non-malignant hosts. Over-expression of ALOX suppresses the myeloid cell development [@pone.0022446-Middleton1]. Thus, reduced spectral count for ALOX may indicate increased MDSC expansion in response to metastasis.

As aforementioned, multiple studies have reported that MDSCs confer resistance to cancer therapies. Surprisingly, we found increase of GSH in 4T1 MDSCs. Cleavage of GSH generates cystenyl glycine that binds to cisplatin, a chemotherapeutic agent, making it non-permeable to the cell membrane [@pone.0022446-Hanigan1]. Reduced efficacy of cisplatin occurs with GGT, another protein we discovered associated with 4T1 tumors host, over-expression and may be a mechanism chemotherapy resistance. Although many of these mechanisms have been studied in tumor cells, it is quite interesting to note that MDSCs are also a source of such proteins in mouse models with highly metastatic tumors. This result suggests that malignant tumor cells activate lipid and amino-acid metabolism and GGT/GSH pathways within MDSCs to facilitate or exacerbate tumor metastasis.

Another major difference between 4T1-MDSCs and 67NR-MDSCs is indicated by proteins involved in metabolism and energy expenditure. In particular, ATP2A2, or SERCA2, is increased while PTK2B is decreased. SERCA2 mRNA is shown over-expressed in cancerous tissues compared to normal tissue, which is also positively correlated to invasion and metastasis. In addition, high SERCA2 is associated with poor clinical outcome and metastasis in cancer patients [@pone.0022446-Chung1]. SERCA2b, another ATPase, decreases with retinoic acid induced differentiation [@pone.0022446-Launay1] indicating there is an inverse relationship between immune cell differentiation and ATPases. Together, the data show 4T1 MDSCs had a specific increase in proteins involved in cellular metabolism and use of multiple amino acids or lipids as carbon sources. Increased metabolism within and nutrient depletion by MDSCs has been reported [@pone.0022446-OstrandRosenberg1], [@pone.0022446-Srivastava1].

CREB, a transcription factor, was specifically detected in 4T1-MDSCs and had the highest degree of connectivity. CREB is highly expressed in myeloid progenitors, a cell population including MDSCs. CREB transgenic mice have uncontrolled myelopoeisis [@pone.0022446-Cheng1]. In addition, CREB is positively correlated to tumor malignancy and progression, as well as angiogenesis in a model of leukemia [@pone.0022446-Finke1]. Based on this evidence, it is reasonable to suggest that malignant tumors upregulate CREB in MDSCs that regulate the expansion and differentiation of MDSCs in order to promote tumor metastasis.

Pro-angiogenic, platelet-like pathways and proteases are altered in MDSCs associated with metastatic tumors {#s3b}
-----------------------------------------------------------------------------------------------------------

We detected proteins differently expressed in 4T1-MDSCs are involved in angiogenesis and signaling common to platelets, such as LCN2 which is a neutrophil marker, is also known as neutrophil gelatinase-associated lipocalin. Lipocalin inhibits ras-induced tumor angiogenesis through the down-regulation of VEGF expression and the up-regulation of THBS1 expression in tumor cells [@pone.0022446-Venkatesha1]. Our data show that lipocalin and its binding partner ELA2 are lost, while cathepsin B was increased, in MDSCs associated with 4T1 tumors. Of note, decreased ELA2 is associated with greater metastasis of primary tumors [@pone.0022446-Asano1], [@pone.0022446-Houghton1]. This expression pattern is consistent with the metastatic property of 4T1 tumors, since lipocalin is negatively associated to angiogenesis and metastasis [@pone.0022446-Hanai1], while cathepsin B is positively correlated to tumor growth and metastasis [@pone.0022446-Sevenich1], [@pone.0022446-Sloane1], [@pone.0022446-Watson1]. Tumor derived cathepsin B is quite often associated with tumor cell invasion and increased metastasis. These findings indicate a comprehensive effect of malignant tumor upon MDSCs. Metastatic tumors up-regulate proteases and down regulate angiogenic inhibitors in MDSCs to promote tumor cell invasion and metastasis.

A group of proteins associated with angiogenesis and with platelets are specifically elevated in 4T1-MDSCs. For example, calpains, cysteine proteases, cleave vWF and increase platelet cell aggregation [@pone.0022446-Nozaki1], [@pone.0022446-Moore1]. Platelet glycoprotein V (GP5) constitutes the vWF receptor and mediates adhesion. Glycoprotein Ib (GP1BA), a vWF receptor, also initiates signaling of platelet activation, thrombosis, and hemostasis. It is known that platelet-tumor interaction through vWF facilitates extravasation through the blood vessels and results in greater metastases [@pone.0022446-Terraube1], [@pone.0022446-Nierodzik1]. Lastly, PPBP, a CXC chemokine domain containing protein, and PF4 were also detected in our study. Both proteins are neutrophil chemoattractants and PF4 may have roles in inflammation, angiogenesis, and platelet aggregation [@pone.0022446-Eisman1]. Perhaps all of these proteins in MDSCs assist in lymphocyte, endothelial cell, and tumor cell adhesion during metastatic tumor development, harboring processes that encompass innate immunity, extravasation, and tumor infiltration.

Cystatin A, a well-known inhibitor of cathepsin B, is also increased in 4T1 MDSCs, which is contrary to expectations. Interestingly, neutrophilic granule protein (NGP), a potential cathepsin B inhibitor, is also decreased as reported in a similar study ([Table S2](#pone.0022446.s002){ref-type="supplementary-material"} and [Table S3](#pone.0022446.s003){ref-type="supplementary-material"}) [@pone.0022446-Boutte1]. THBS1 is another protein increased in MDSCs from the 4T1 tumor-bearing host. THBS1 is an endogenous angiogenic inhibitor that regulates endothelial cell apoptosis, protease expression and angiogenic factor expression. Elevated THBS1 expression in MDSCs of 4T1 tumor host seems contradictory to the metastasis phenotype of aggressive tumor cells. Yet, the relationship of this protein with metastasis is controversial. Findings point to both negative and positive roles of THSB1 in metastasis [@pone.0022446-Trotter1], [@pone.0022446-RodriguezManzaneque1], suggesting the activity of THSB1 in tumor progression is dependent on its interactions with several host and tumor associated factors, as well as cell type. This seemingly conflicting data of protein expression and biological phenotype warrant further investigation.

MDSCs polarity and immune toxicity {#s3c}
----------------------------------

A cytoskeletal protein, CD2AP, is specifically detected in MDSCs in response to 4T1 metastatic tumor burden. CREB, increased in 4T1 MDSCs, is reported to trans-activate the CD2AP promoter and CD2AP has been reported to interact with both membrane and actin cytoskeletal proteins in order to facilitate cytoskeletal polarity between antigen presenting cells and T-cells [@pone.0022446-Dustin1]. MDSC is also called an immature dendritic cell and possesses immune suppressive activity. Cross-talk and cell-cell contact may aid MDSCs\' ability to subvert immune surveillance in highly metastatic cancer.

Arginase I, another elevated protein in 4T1 MDSCs, is known to deplete cystine and cysteine that T-cells require for activation and function. This depletion is a mechanism by which MDSCs kill T cells [@pone.0022446-Sinha1]. Changes in pathways involved in amino acid metabolism and arginase I activity suggest that MDSCs are, in fact, more harmful to the innate immune response when the host is burdened with highly metastatic tumors compared to non metastatic tumors. Evidence of this phenomenon is presented in many studies showing that MDSCs isolated from metastatic models compared to non-metastatic controls are advantageous to tumor development and metastasis [@pone.0022446-Connolly1], [@pone.0022446-Kim1].

Conclusions {#s3d}
-----------

MDSCs, which promote tumor growth and metastasis, are dramatically increased in cancer patients and animal models. MDSC levels are positively correlated with tumor malignancy. This study determined the proteome of MDSCs associated with malignant and metastatic tumor conditions. The MDSC proteome responded quite differently to non-metastatic and metastatic mammary tumors. In response to metastatic tumors, MDSC proteins were primarily involved in glutathione and γ-glutamyl transferase activity, lipid and amino acid metabolism, and signaling pathways involved in platelet aggregation and angiogenesis. This study further implicates that MDSCs may be part of a pro-metastatic feedback loop. Targeting MDSCs to disrupt these pathways may provide a therapeutic intervention during metastatic tumor treatment. This report provides not only a network of MDSC proteins that are influenced by the metastatic tumor, but may have identified novel biomarker candidates and pathways that warrant further study.

Materials and Methods {#s4}
=====================

Chemicals and Cell Lines {#s4a}
------------------------

All chemical reagents were purchased from Sigma-Aldrich (St. Louis, MO). Mouse mammary 67NR and 4T1 tumor cells were maintained in DMEM supplemented with 10% FBS and 1% penicillin-streptomycin.

Animal Model and MDSC Purification {#s4b}
----------------------------------

All mice used in this work were housed in pathogen-free units at Vanderbilt University Medical Center, in compliance with IACUC regulations. This study protocol (ID\# M/05/083) was approved by the Chairperson of IACUC, the Office of Animal Welfare, at Vanderbilt University Medical Center. 6--7 week old female Balb/c mice were purchased from Harlan Laboratories (Indianapolis, IN). 500,000 67NR or 4T1 cells per mouse were injected into the 4th mammary fat-pad as described [@pone.0022446-Yang1]. Single cell suspensions were prepared from fresh spleen tissue harvested from mice with 4T1 and 67NR primary tumors as described [@pone.0022446-Albrethsen1]. Gr1+/CD11b+ cells were sequentially selected with magnetic anti-Gr1 and anti-CD11b antibody-beads (Miltenyi Biotec, Auburn, CA). After 25 days of primary tumor growth, spleens were collected and pooled. Gr1+/CD11b+ MDSCs from mice with non-metastatic (67NR) or metastatic mammary tumors (4T1) were isolated from spleenocytes using magnetic associated cell sorting and positive selection with anti-Gr1 and anti-CD11b antibodies.

Sample Preparation, Mass spectrometry and Spectral Counting {#s4c}
-----------------------------------------------------------

Purified cells were normalized by cell count and lysed in urea buffer (7M urea, 1M thiourea, 4% CHAPS, 4 mg/mL DTT, pH 8.0). Protein was precipitated using 25% TCA (w/v), washed with ice cold acetone, and resuspended in 8M urea 100 mM Tris, pH 8.0. Proteins were reduced with TCEP, alkylated with iodoacetemide, then digested with trypsin. The resulting peptide mixtures were split into duplicates and analyzed via MudPIT similar to the methods described [@pone.0022446-MacCoss1]. Briefly, peptides were loaded onto a biphasic pre-column fritted using an Upchurch M-520 filter union. This 150 µm fused silica microcapillary column was packed with 5-µm C~18~ reverse-phase resin followed by strong cation-exchange resin. Once loaded, it was then placed in-line with a 100 µm×20 cm, C~18~ packed emitter tip column coupled to an LTQ ion trap mass spectrometer nanospray source. All columns and resins were purchased from Phenomenex (Torrance, CA). Separations were accomplished using 25--100 mM pulses of ammonium acetate followed by a 115 min reversed phase gradient of 0--40% acetonitrile 0.1% formic acid. Tandem mass spectra were collected in a data dependent manner using dynamic exclusion. Spectra were extracted using ScanSifter (Vanderbilt University, Nashville, TN) and searched against the mouse Uniprot database that also contained reversed versions of the proteins using Myrimatch and peptide to protein matches and spectral counts were assembled using IDPicker [@pone.0022446-Tabb1], [@pone.0022446-Ma1] using a false discovery rate maximum of 5%. All reported proteins were identified with a minimum of 2 distinct peptides. Sample loading was confirmed by IDPicker and displayed as the total number of spectra per group. The fold change of each protein was calculated by comparing the log~2~ of total spectra per protein compared to the log~2~ ratio of spectra in 4T1 derived MDSCs compared to those from 67NR derived MDSCs.

Gene Ontology and Pathway Analysis {#s4d}
----------------------------------

Among proteins identified in both 67NR and 4T1 cohorts, the average spectral count change +/− one standard deviation from the average fold change of all proteins in the dataset was calculated. To simplify large datasets, all proteins that met the filter criteria by IDPicker and identified in both 67NR and 4T1 groups were filtered to include proteins containing 25--300 total spectral counts. All proteins exclusively detected in either 67NR or 4T1 groups were retained. Immunoglobulin and hemoglobin proteins were excluded from analyses. Proteins were separated into 4 analytical groups: (1) unique to 67NR, (2) decreased in 4T1 compared to 67NR, (3) increased 4T1 compared to 67NR, (4) and unique to 4T1 prior to analysis by Webgestalt (Vanderbilt University, Nashville, TN) [@pone.0022446-Aslakson1] and Pathway Studio version 7.1 (Ariadne Genomics, Inc., Rockville, MD). In Webgestalt, each group of proteins were compared to the mouse genome reference set and assigned to Gene Ontology (GO) biological processes or to the Kyoto Encyclopedia of Genes and Genomes (KEGG) using the hypergeometric test for enrichment analysis with the Benjamini-Hochberg for multiple test alignment. The significance cut-off was p\<0.05 and a minimum of 2 proteins were accepted per category. The resulting data is displayed at the "Ratio of Enrichment" compared to the entire mouse genome [@pone.0022446-Zhang1], [@pone.0022446-Kirov1], [@pone.0022446-Tazi1]. Direct interactions were defined by Pathway Studio in two cohorts: (1) proteins increased and decreased in 4T1-MDSCs compared to 67NR-MDSCs, and (2) proteins specifically detected in 4T1-MDSCs. In both cases, proteins that had no direct binding partners were removed. Default labeling of interactions was used.

Statistical analysis {#s4e}
--------------------

Tumor growth data was analyzed using Prism (Graph-Pad, La Jolla, CA, USA) and compared by 2-way ANOVA and values are expressed as mean +/− SEM. The protein identification false discovery rate is calculated as described [@pone.0022446-Tabb2], [@pone.0022446-Elias1]. Spectral count data was subjected to log-log transformation and analyzed using fold change analysis. Fold change values 1 standard deviation from the mean were considered significant [@pone.0022446-Vellaichamy1]. For all other tests, for tumor volume, and for ontological assignments; p\<0.5 was considered significant.

Supporting Information {#s5}
======================
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The false discovery rate of MDSC proteins identified by MUDPIT in response to tumor metastatic potential. *^a^* Biological group, *^b^* Total Number of Spectra, *^c^* Forward database spectral identifications, *^d^* Reverse Database Spectral Identifications, and *^e^* Calculated False Discovery Rate (%).
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###### 

Potential MDSC protein biomarkers in response to tumor metastatic potential. *^a^* Protein Name, *^b^* Gene Description, *^c^* Uniprot ID, *^d^* Spectral Count and, *^e^* Log~2~ (spectral count 4T1/67NR) protein abundance ratio.

(XLS)
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Click here for additional data file.
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All MDSC proteins identified by MUDPIT in response to tumor metastatic potential. *^a^* Protein Name, *^b^* Gene Description, *^c^* Uniprot ID , *^d^* spectral count, *^e^* total spectral count, and *^f^* Log~2~ (spectral count 4T1/67NR) protein abundance ratio.

(XLS)
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Click here for additional data file.
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